Extensive use of herbicides by American farmers over the least 60 years caused resistance in 534 weed biotypes. The objective of this article was to provide a brief overview of: (1) few major types of resistance in USA and (2) herbicide tolerant crops that are expected to reach the US market in the next 5 years (eg. 2017-2022). Repeated use of glyphosate in Roundup-Ready crops over the last 20 years has contributed to the evolution of glyphosate resistance in 18 weed species across USA. There are also cases of multiple-resistance, especially in common waterhemp, with biotypes containing multiple resistance types (eg. 3-5 stacks). Some segments of American agriculture (eg. industry that markets such technology and some practitioners) believe that incoming new herbicide tolerant crops would resolve weed resistance issues. The new incoming herbicide tolerant traits include: (1) dicamba-tolerance; (2) 2, 4-D tolerance; (3) HPPD-tolerance and (4) ALS-tolerance. Critics are saying that the dicamba and HPPD traits will not be very useful as there are already dicamba and HPPD resistant weeds across USA. Many weed scientist, including myself, believe that these new traits will provide only a short-term help in containing current resistance issues. The long-term viability of those new traits will be preserved only if used within the concept of integrated weed management and under the umbrella of the Best Management Practices and Stewardship Programs.
INTRODUCTION
Since introduction of the first commercial herbicide in the 1950s, the agricultural chemical companies have developed more than 300 active ingredients, which resulted in over thousands of herbicide products worldwide. Herbicides became the most reliable and least expensive weed control method from 1960-2000. Modern crop production is dependent on effective herbicides and now the sustained use of herbicides is threatened by herbicide-resistant weeds.
Herbicide resistance in weeds is an evolutionary process in the form of a gene mutation or a change in plant metabolism that confers resistance to a particular herbicide(s). Most resistance types are characterized either as target-site or nontarget-site mechanisms. Regardless of resistance type, this is a cause of major concern because when resistance develops the number of viable herbicide options gets greatly reduced (Knezevic et al. 2017b and 2017c) .
Weed resistance to herbicides has become a global problem. Currently there are over 400 herbicide-resistant weed species confirmed worldwide. Out of all counties in the world, the United States has more than 30% of the weeds that are resistant to at least one mode of action. However, in the last two decades this steady supply of new herbicides was reduced drastically. Some believe that the development of crops resistant to non-selective herbicides has contributed to reduced efforts on new herbicide discovery .
The objective of this article is to provide a brief overview of: (1) few major types of resistance in USA and (2) incoming herbicide tolerant crops that are expected to reach the US market in the next 5 years (eg. 2017-2022) .
HERBICIDE RESISTANT WEED AND RESISTANCE TYPES
Herbicide resistant weed is a weed population that developed ability to survive application of herbicide which previously controlled it. General belief is that the development of herbicide-resistance in weeds is an evolutionary process. Resistance is usually a result of repeated use of the same herbicide over an extended period of time. For example, repeated use of a single mode of action can result in the development of resistance after 4-5 years for some herbicides (ALS and HPPD resistance), or 7-10 years (triazine resistance) or 15 years (glyphosate resistance) (Knezevic, personal communications) .
There are three commonly known levels of herbicide resistance, which includes: (1) single resistance, (2) cross resistance and (3) multiple resistance. Single resistance is when a weed is resistant to only one family of herbicides and/or one mode of action (eg. waterhemp resistant to glyphosate or atrazine). Cross resistance is when a weed is resistant to one or more families of herbicides that belong to the same mode of action (eg. ALS resistance in waterhemp resistant to sulfonylurea and imidazolinone herbicides, both belong to ALS mode of action). (eg. waterhemp resistance to Pursuit (ALS) and Roundup (glyphosate)). Multiple resistance is when a weed is resistant to at least two families of herbicides that belong to at least two modes of action (eg. waterhemp resistant to atrazine and glyphosate) (Knezevic et. 2017c) . The most common herbicide resistance types in USA (and the world) are: triazine, ALS and glyphosate resistance. In the 1980s, the triazine-resistant weeds (eg. atrazine) were of great concern (about 79 species worldwide). In 1990s, the interest shifted to ALS-resistant weeds (eg. imazapyr, imazethapyr, etc), which include 116 confirmed resistant weed species worldwide. Glyphosate-resistance is the newest type of resistance, resulting in 36 confirmed cases of glyphosate-resistant weeds worldwide, 18 in USA and six species in Nebraska (Knezevic et al. 2017a) .
Before introduction of Roundup-Ready crops typical weed control programs in USA were based on a use of a variety of premergence (PRE) and postemergence (POST) type herbicides. However, that philosophy have changed to heavy reliance on POST herbicides (eg. glyphosate) after introduction of Roundup-Ready crops. This extensive and repeated use (2-3 times per season) of glyphosate over the last 20 years has contributed to the evolution of glyphosate resistance in 18 weed species in USA, including: In Nebraska, six weed species evolved resistance to glyphosate. The list and their resistance levels includes: Horseweed (Marestail) (3-7X); Giant ragweed (8-11X); Common ragweed (6-10X); Common waterhemp (5-10X); Kochia (2-5X); and Palmer amaranth (8-14X) (Knezevic et al. 2017a ). In addition, there are still many biotypes present with atrazine and ALS resistance from 20-30 years ago, as well as few new types of resistance (HPPD and 2,4-D) .
From practical standpoint, this continual increase in single weed resistance is of great concern, however, what is really worrisome is the increase in multiple-resistance. The cases of multiple-resistance are especially evident in common waterhemp. There are several waterhemp biotypes containing multiple resistance types (stacks) documented in US. For example, common waterhemp containing 2-stacks (triazine+ALS; or triazine+HPPD), or 3-stacks (triazine+ALS+HPPD or triazine+ALS+glyphosate) were confirmed in Nebraska. In addition, 4-stacks (glyphosate+ALS+HPPD+PPO) waterhemp was also confirmed in Illinois. And furthermore, there was also 5-stack resistance confirmed in waterhemp in Illinois (triazine+ALS+HPPD+PPO+2,4-D) and in Missouri (triazine+glyphosate+ALS+ HPPD+PPO). The occurrence of multiple resistance is very concerning to weed scientists and practitioners as it reduces the list of effective modes of action.
There are only 10 modes of actions available for herbicides utilized in agronomic crops. The term "mode of action" designates the overall manner in which herbicide affects (kills) a plant (weed). Within a mode of action there could be more than one site of action. A "site of action" is a location in the plant where the herbicide affects a specific process in the plant development. In short: mode of action is "HOW" while site of action is "WHERE" within the plant. There is a total of 18 sites of action within 10 modes of action. Furthermore, within some sites of action there could be several chemical families. In fact, there is a total of 20 herbicide families, which may sound very encouraging from the standpoint of options for weed control; however they all come just from 10 modes of action, therefore there are 10 true chemical weed control tools in agronomic crops. Some of the modes of action only control grassy weeds, thus majority of herbicides that we use in corn and soybean belong to 8 modes of action, just 8 powerful chemical tools for weed control. Within each herbicide family there could be several active ingredients, an active ingredient is a compound that causes the action in the plant (eg. resulting in a plant kill or severe injury). There are 99 active ingredients, which come from the above mentioned 20 herbicide families. Some herbicide families have only one active ingredient (eg. glufosinate is active ingredient in the family of organophosphorus, product is Liberty) while other families could have as many as 19 active ingredients (eg. family of sulfonylurea herbicides) (Knezevic et al. 2017c ).
There are thousands of herbicide products registered and sold worldwide, with numbers varying from country to country. For example, about a 1000 herbicide products are available in the United States, with actual numbers varying from state to state, and there are over 700 herbicides registered for weed control in Nebraska alone. Number of herbicide products vary from crop to crop. For example, Nebraska has 250 products for use in corn, 200 in soybean and most of them come from those 8 major modes of action. If there are about 450 herbicides for corn and soybean but only eight major modes of actions, the logical conclusion is that many herbicides have the same mode of action. From practical standpoint, it means that many of them kill the weed in the same manner. Thus rotating the products with different names does not neces-sarily mean that it will kill the weed, as the products might come from the same mode of action. (Knezevic et al 2017a) .
HERBICIDE TOLERANT CROPS (HTC)
HTCs are a common part of the cropping systems in North America. Their use has been growing steadily since they became commercially available almost 20 years decade ago. The first wave of HTC technologies (eg. Roundup Ready) was relatively simple to use. It required neither special skills nor training. The technology did not have major use restrictions, at least not for the soil type and crop growth stage as it is the case for many conventional type herbicides. Also, the technology was flexible, especially from the standpoint of timing and rate of herbicide application. For example, many producers adjust application time, and herbicide rate, to fit their production system, which is probably one of the reasons for such wide adoption by producers (Knezevic and Cassman, 2003) .
Due to huge marketing success with Roundup-Ready crops, the pesticide industry continues to develop herbicide tolerant crops. These new crops will have several genes (or stacks). The inclusion of several genes in a single hybrid (or variety) is commonly referred as "stacked genes or stacked traits". For example, some corn hybrids already have two traits for herbicide tolerance, so called double stack hybrids (eg. glufosinate in Liberty®, glyphosate in Roundup-Ready®) (Stevan Z. Knezevic, personal communications). Furthermore, some corn hybrids have three traits, two for herbicide tolerance and one for insect tolerance (eg. Liberty®, Clearfield® and Bt), or three genes for insect tolerance (Bt) and one for herbicide tolerance (RoundupReady®) (Stevan Z. Knezevic, personal communications) .
This trend of gene stacking will continue to increase as every new stack provides a new level of crop protection against the pests (including weeds). However, addition of each stack also increases the price of crop seeds, which is something that producers need to consider in the overall calculation of the crop production cost. Every new stack also brings additional revenue and profits for the companies that developed this technology. Companies are currently developing new HTC that will have multiple stacks for herbicide resistance. The new incoming traits will include:
(1) Dicamba-tolerance (Roundup-Ready 2 Xtend by Monsanto). It will contain traits for glyphosate and dicamba initially. Seeds are expected for full market sale in 2017, some limited amount of seed was already sold in 2016. The Xtend (from Monsanto) and Engenia (from BASF) are the only 2 herbicides registered for use, at least for the year 2017.
(2) 2, 4-D tolerance (Enlist by Dow AgroScience). It will contain traits for glyphosate and 2,4-D tolerance. The seeds are expected at the market in 2017 or 2018. EnlistDuo herbicide (glyphosate+2,4-D choline) is already registered.
(3) HPPD-tolerance (BalanceGT by Bayer and HPPD-soybean by Syngenta). This seed technology is still in development and no herbicides is registered yet. Bayer is currently promoting seeds under the trade name of CREDENZ, which contains tolerance to glufosinate for 2017 year, and is expected to add isoxaflutole tolerance by 2019. Syngenta does not have any seeds marketed yet, it is expected in 2019.
(4) ALS-tolerance (Bolt-soybean by Pioneer). This seed technology is still in development and no specific herbicides is developed yet.
The above listed are few examples of potential herbicide tolerance traits (stacks) that will be available on the US market (and potentially worldwide) in the near future (next five years). Considering the nature of the chemical industry business (eg. licensing agreement, purchases and/or company mergers), it is fair to speculate that many of the above listed herbicide traits might be integrated into a single crop. For example, there might be soybean varieties (or corn hybrids) with at least 4 herbicide traits in the near future (next 5 years). For example, Bayer company is already indicating development of their CREDENZ technology with soybean varieties having tolerance to at least 4 herbicides (eg. glyphosate + glufosinate + isoxaflutole + mesotrione). It will not be surprising to see also soybean varieties tolerant to glyphosate+glu fosinate+dicamba+HPPD herbicides. The time will show what the seed and pesticide industry will bring to the market (Stevan Knezevic, personal communications).
Drift and non-target movement is a general concern when using any herbicide. However the concern becomes even greater with the use of non-selective herbicides such as glyphosate, glufosinate, and especially dicamba and 2,4-D, which have tendency not only to drift with the air movements (or wind), but also to move of the site via air temperature inversions. This is a phenomenon called "emission of terrestrial radiation' , during which emission of soil radiation can cause tiny aerosolsize droplets to lift of the target site and drift away, which is also referred as "pesticide vapor drift" (Enz et al. 2015) . Vapor drift containing herbicide particles can land onto nearby fields with various crops or other plant species (grapes, vegetables, trees, shrubs, flowers, etc) that are not resistant to the herbicide applied.
Furthermore, with various herbicide-tolerant crops on the market, there is a potential for a mistake to be made that an entire field could be damaged by having the wrong herbicide sprayed on it. Therefore, misapplication and misidentification of fields planted with different HTC or non-HTCs (conventional and organic varieties) continues to occur unless care is taken to identify such fields (Knezevic and Cassman, 2003) . To combat this issue, pesticide industry is developing a color flagging systems that can be placed at the entrance of every field. For example, red flag indicates just a conventional crop, with no herbicide tolerant trait. Green flag represent LibertyLink field, while white flag represent Roundup-Ready and Yellow flag for Clearflied fields. This system is currently being tested in several southern states (Arkansas, Mis-sipisipi), which have huge problems with weed resistance (e.g. single and multiple resistance in Palmer amaranth and common waterhemp). The goal of this low-tech communication system is to avoid herbicide-application errors and foster good community relations (Stevan Knezevic, personal communications).
PRACTICAL IMPLICATIONS OF WEED RESISTANCE
Weed resistance usually results from the repeated use of the herbicides with the same mode of action. Simply said: "weeds just got used to that mode of action and we cannot kill them with that mode of action anymore". A similar phenomenon is observed in medicine with bacterial resistance to antibiotics. Most importantly, after herbicide-resistance develops in weed population at any farm, it stays there as long as that resistant seed is present in the soil, which could last a long time (many decades). For example, the triazine-resistant weeds from the 1980s and ALS-resistant weeds from 1990s are still present at many farms in USA. They were simply forgotten about because glyphosate was controlling them very effectively. However, with the development of glyphosate-resistant weeds, those triazine resistant weeds are now not possible to control with atrazine suggesting that the atrazine resistance remained present for the last 30 years. The resistance genes can transfer from generation to generation, thus it is the reason for still having triazine and ALS resistant weeds, despite the fact that they have been developed originally 30 and 20 years ago, respectively.
Continual increase in single weed resistance is of great concern, however, the real threat to economic crop production is the increase in multiple-resistance in several major weed species. For example, there has been confirmed cases of a 3-way, 4-way and 5-way multiple resistance in waterhemp to ALS+triazine+PPO or glyhosate+ALS+PPO inhibiting herbicides or triazine+ALS+HPPD+PPO+2,4-D herbicides, respectively. This basically gives historical evidence that common waterhemp was able to develop resistance to any herbicide used extensively for its control. Repeated use of the same mode of action can easily result in the evolution of weed resistance, irrespective of the type of herbicide used. This is a cause of major concern because when weed species start stacking several types of resistance, the number of viable herbicide options gets greatly reduced. For example, having a 4-or 5-way resistant waterhemp out of eight modes of action available, leaves only 3-4 modes of actions left to combat this weed. Further use of those few modes of actions will put further pressure on weeds, which will most likely result in additional resistance types, thus greatly reducing options for weed control.
Therefore, there is a need to diversify weed control programs, which should be based on a variety of chemical and non-chemical tools, including herbicide programs based on different modes of action. The easiest way to start integrated program is to rotate herbicides with different modes of actions. Using a variety of weed control tools reduces the reliance on any tool, which means that those tools will still be effective in the years to come. Using various methods keeps weeds off-balance and prevents them from adapting to the management strategy (Knezevic et al. 2017a and 2017b) .
